Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoma subtype, and fewer than half of patients are cured with standard front-line therapy. To improve therapeutic options, better animal models that accurately mimic human DLBCL (hDLBCL) are needed. Canine DLBCL (cDLBCL), one of the most common cancers in veterinary oncology, is morphologically similar to hDLBCL and is treated using similar chemotherapeutic protocols. With genomic technologies, it is now possible to molecularly evaluate dogs as a potential large-animal model for hDLBCL. We evaluated canine B-cell lymphomas (cBCLs) using immunohistochemistry and gene expression profiling. Canine B-cell lymphoma expression profiles were similar in many ways to hDLBCLs. For instance, a subset had increased expression of NF-κB pathway genes, mirroring human activated B-cell (ABC)-type DLBCL. Furthermore, immunoglobulin heavy chain (IGH) ongoing mutation status, which is correlated with ABC/germinal center B-cell (GCB) cell of origin in hDLBCL, separated cBCL into two groups with statistically different progression-free and overall survival times. In contrast with hDLBCL, cBCL rarely expressed BCL6 and MUM1/IRF4 by immunohistochemistry.
Introduction
Non-Hodgkin lymphoma (NHL) is the 7th most common human systemic malignancy, estimated to affect approximately 70,000 people in the U.S. in 2013, and is a leading cause of cancer death (1) . Despite improvements in treatments, mortality remains ͵ significant (1, 2) , necessitating further progress in understanding disease biology and tailoring therapeutic interventions. DLBCL, the most common subtype of NHL, is recognized as a clinically heterogeneous disease (3) . The international prognostic index (IPI), a score derived from clinical characteristics, groups patients into risk categories that range widely, from 85% overall survival (OS) at four years in the lowest risk category to 45% OS at four years in the highest-risk group (4, 5) . This huge degree of variability within histologically identical DLBCLs prompted attempts to molecularly subcategorize the tumors (6) . For example, gene expression profiling (GEP) identified two main subtypes, activated B-cell (ABC) and germinal center B-cell (GCB). These subcategories are thought to be reflective of the cell of origin, with GCBs arising from germinal center cells, and ABC-types arising from post-germinal center cells. In addition, ABC/GCB subtypes can be identified by examining somatic hypermutation (SHM), based on the finding that GCB lymphoma cells are continuously undergoing SHM, while ABC lymphomas arise from cells that have completed SHM and therefore contain static immunoglobulin heavy chain variable region (IGHV) sequences that are different than the germline sequences (7) . These two categories of lymphomas have strikingly different survivals, independent of IPI, initially reported as ABC patient survival of 16% at five years and GCB patient survival of 76% at five years. This prognostic disparity was subsequently confirmed in multiple studies, even with the addition of rituximab to the standard cyclophosphamide, adriamycin, vincristine, and prednisone (CHOP) treatment regimen (6) . Since it is currently impractical to perform GEP on every patient with DLBCL, a variety of immunohistochemical algorithms have been developed to predict the cell of origin and/or survival of these patients (8) (9) (10) (11) (12) . Antibodies Concordance with GEP results ranges from 80-93%, and most of these algorithms also predict overall survival OS independent of the IPI, although these results have not yet been consistently reproducible (4, (8) (9) (10) (11) (12) (13) (14) .
Animal models are useful for better understanding cancer biology and therapeutic responses, with mice being the mainstay of lymphoma model organisms. However, mouse models present inherent properties that can make them less accurate model systems, namely impaired immunity and/or genetic homogeneity, neither of which accurately mimics spontaneously occurring tumors in a diverse population (15, 16) .
Their small size and metabolic differences can affect pharmacokinetic/pharmacodynamic (PK/PD) parameters as well. These dissimilarities have resulted in therapies that appear promising in laboratory mice being ineffectual when translated to humans. Therefore, more representative animal models that overcome these disadvantages would be a welcome advance.
Pet dogs develop a variety of naturally occurring cancers that are recognized as relevant models of their human counterparts (17) (18) (19) , similar in clinical presentation, tumor biology, and response to therapy. Dogs provide additional advantages over traditional animal models in that they represent a spectrum of genetic diversity that is not present in most laboratory strains. A recent study showed that T-and B-cell lymphomas in dogs are separable by gene expression profiling (20) , paving the way for this technology to be applied with larger sample sizes to further define cBCL. Through a series of studies that were sequentially progressive in resolution, we define aspects of ͷ cBCL that are similar to hDLBCL, especially with respect to ABC/GCB subtype. To our knowledge, this is the first study to directly compare canine and human B-cell lymphomas using immunohistochemical algorithms, GEP analysis, and IGHV mutational status. Our data suggest that two subtypes of cBCL can be delineated using IGHV mutational analysis and to a lesser extent, GEP. Interestingly, immunohistochemical algorithms that are used to separate human patients into GCB and ABC subtypes were not useful as prognostic markers in the dog population. This study represents a basis for using canine lymphoma patients to understand both canine and human disease.
Materials and Methods

Subjects, sample acquisition
After owner consent, neoplastic lymph nodes (LN) were collected from 49 dogs presenting to the North Carolina State Veterinary Health Complex (NCSU VHC), or in some cases, referral veterinary clinics for evaluation and management between June 2008 and August 2010 (Table 1) . LN from referral clinics were shipped overnight in chilled physiologic saline to NCSU VHC for processing. In cases where clients preferred not to have LN resection performed, cells were collected via fine needle aspiration (FNA) of enlarged peripheral LN. These were obtained from 19 additional dogs diagnosed with B-cell lymphoma via flow cytometry (68 total dogs in this study). FNAs were placed immediately into chilled RPMI/2% FBS, stored at 4°C and processed within 24 hours. These samples combined are referred to as canine B-cell lymphoma (cBCL) throughout the text.
LN morphology and immunohistochemistry
LN morphology was evaluated using H&E staining of 35 available formalin fixed and paraffin embedded samples (NCSU VHC). Lymphoma was diagnosed and subtyped in alignment with the 4th edition of the World Health Organization (WHO) classification of hematopoietic and lymphoid tissues (21) . B-cell phenotype was determined by immunohistochemistry and/or flow cytometry using CD79a and CD3 antibodies (AbD Serotec, Raleigh, NC). MUM1/IRF4 (Dako, Glostrup, Denmark) and, PAX5, CD10, and BCL6 antibodies (Leica Microsystems, Wetzlar, Germany) were used to both confirm Bcell phenotype (PAX5) and determine the cell of origin. External positive and negative control tissue was available for all antibodies. For all antibodies, a sample was called positive if >30% of the neoplastic cells were definitively staining (9) .
RNA preparation and array processing
Excised LNs were manually homogenized in chilled RPMI/2% fetal bovine serum (FBS, Mediatech, Manassas, VA) and passed through a 70 μm filter. FNAs were washed twice in ice-cold phosphate-buffered saline, pH 7.4 (PBS, Mediatech) followed by red blood cell (RBC) lysis (Roche Applied Science, Indianapolis, IN). Overall survival was defined as the time from diagnosis until death from any cause.
Progression-free survival was defined as the time from diagnosis until progression of disease or death from any cause. Outcomes were censored as of April 30, 2011. One dog was euthanized the day of diagnosis, and one was lost to follow up. These two dogs were not included in the survival analyses. Differences in survival by subgroup
were tested with Cox proportional hazards regression, after testing that proportional hazards assumptions were met (25) . Survival curves were estimated using the KaplanMeier estimator (26) . Association between the hypermutation status and group categories was performed using a Chi Square test of association. Association analysis was performed in Stata v10 (www.stata.com) and R (22).
Human DLBCL Data Sets
CEL files from GEO accession number GSE11318 contain expression data from 203
human DLBCL samples analyzed on Affymetrix Human Genome U133 Plus 2.0 expression arrays (27) . These were downloaded and normalized with RMA. The systematic data biases between human gene expression data and dog gene expression were detected and removed by Distance Weighted Discrimination (DWD) before the two datasets were combined (28) . Twenty-five genes were then retrieved from the combined ͻ datasets and a two-way average linkage hierarchical co-cluster was generated.
Western blotting
Ten randomly chosen cDLBCLs were used for this experiment; five were "GCB-like", i.e.
from group 1 in Fig 
RNA isolation and qPCR
Total cellular RNA was extracted from TRIzol, and RNA (1μg) was then reverse- Annealing temperature was 61.5°C for all reactions. The ten cDLBCL samples used were the same as those used in the Western blotting experiment.
IGHV sequencing
The dog IGHV gene was sequenced according to the method previously described for The PCR conditions for cDNA amplification were 94°C for 3 min.; followed by 35 cycles of (94°C for 1 min.; 65°C for 45 sec.; and 72°C for 1 min.) with a final elongation step of 72°C for 10 min. The PCR product was then cloned using the Zero Blunt TOPO PCR cloning kit (Invitrogen, Carlsbad, CA) or the Topo II cloning kit. Colonies were screened by PCR or EcoRI restriction digest, and at least 12 clones from two separate PCR/cloning reactions were sequenced for each subject. S6 universal primer was used.
Conventional dideoxynucleotide sequencing was performed by the DNA sequencing core at UNC-CH Genomic Analysis Facility, University of North Carolina at Chapel Hill. Author manuscripts have been peer reviewed and accepted for publication but have not yet been edited. ͳͳ IGHV mutation status was then defined as "static", i.e. greater than 50% of the subclones identical or nearly identical, or "ongoing", i.e. less than or equal to 50% of the subclones identical or nearly identical.
Results
LN phenotyping and morphology
Thirty-five canine lymph nodes that were CD79a+ and CD3-, designated as large B-cell lymphomas, were selected for additional immunophenotyping. 28/35 (80%) of the dogs were morphologically characterized as DLBCL and 7/35 (20%) were morphologically characterized as late marginal zone lymphoma (MZL). Similar to hDLBCL, cDLBCL is characterized by a complete loss of LN architecture via the expansion of a population of large neoplastic B-cells (Fig. 1A) . Canine late MZL, in contrast to human MZL, is an aggressive lymphoma characterized by the expansion of large neoplastic B-cells apparently arising from the marginal zone which, in the later stages of the disease, leads to the typical finding of "fading germinal centers" (Fig. 1B) . Given that these two types of B-cell lymphomas have similar cellular morphology and clinical behavior, and that they account for the vast majority (>90%) of canine large B-cell lymphomas (31), we analyzed them together in this study. 
ͳʹ
We studied immunohistochemical (IHC) staining of PAX5 to corroborate our CD79a/CD3 data. This was supplemented with evaluation of three additional antibodies, CD10, BCL6, and MUM1/IRF4, which are used in hDLBCL as a surrogate for gene expression profiling to separate ABC and GCB subtypes. In our canine samples, 34/35 samples were PAX5 positive, confirming a B-cell phenotype, consistent with nearly universal PAX5-positivity in hDLBCL (Supplemental Fig. 1A ) (32) . Eight samples of 35 (23%) were positive for CD10 staining, suggesting a GCB subtype using human algorithms, where CD10-positivity ranges from 26-40% (Supplemental Fig. 1B) (9, 11) .
Notably 2/7 (28%) MZLs were CD10-positive, reinforcing the distinction from human MZL, which is almost never CD10-positive (33, 34) . Interestingly, only a single sample tested positive for BCL6 (Supplemental Fig. 1C) and a second single sample tested positive for MUM1/IRF4 (Supplemental Fig. 1D ). This is in contrast to human DLBCL, in which 70-80% of cases are positive for BCL6 and 20-40% are positive for MUM1 (8, 12) .
Gene expression profiling does not distinguish MZL from DLBCL in cBCL
A total of 58 cBCLs, 39 with a histologic diagnosis and 19 obtained by FNA and diagnosed only as cBCL, were collected for transcriptional profiling. Genes that were differentially expressed were identified, and unsupervised hierarchical clustering using these 1079 probe sets did not identify robust separation into subtypes, as has been reported with hDLBCL (Supplemental Fig. 2) (6) . Given that a subset of our samples were obtained by FNA and therefore did not have histologic diagnosis available, we first analyzed whether MZL could be distinguished from DLBCL by expression profiling. 
ͳ͵
Based on population averages, >95% of our cBCL samples are expected to be either MZL or DLBCL, divided approximately as 25% MZL and 75% DLBCL (31) . We analyzed the 39 samples with known histology, 7 MZL and 32 DLBCL, to see whether any genes were differentially expressed. Using two-class unpaired Significance Analysis of Microarrays (SAM) analysis (35) , no genes were statistically significantly differentially expressed. We also performed principal component analysis with these 39 samples and there was no separation between MZL and DLBCL (Fig. 2) , in agreement with previous results (20) .
Expression of genes homologous to ABC/GCB signature genes distinguish two subtypes of canine B-cell lymphoma
We hypothesized, based on similar morphology and veterinary pathology classification standards, that the majority of cBCLs would be molecularly similar to hDLBCL (31).
Therefore, we were interested in determining whether the two major subclasses of hDLBCL could be identified in cBCL. We analyzed all 58 cBCLs as a single group, given that there were no detectable differences in their gene expression profiles based on MZL/DLBCL distinction (possibly because late MZLs in dogs are similar to DLBCL). We used a 27-gene classifier that separates hDLBCL into ABC/GCB subtypes (36) and analyzed both human and canine lymphomas together. Two genes were omitted from this analysis: TBC1D27 did not have a known canine homolog and IGHM was so strongly expressed in some cBCL cases that it dominated the clustering when included.
The hDLBCL samples clustered into two clear groups, corresponding to human ABC and GCB DLBCL, while the cBCL samples were interspersed among the human (Fig. 3) . Next, we used this set of 25 human ABC/GCB classifier genes and performed unsupervised hierarchical clustering with cBCL samples.
Quantitative PCR (qPCR) was performed on five of these genes and showed good correlation with gene expression array data (Pearson's r=0.842), (data not shown).
There was no distinct separation into two subgroups, although the two subgroups had differences in progression-free and overall survival times that approached statistical significance (p=0.089 and p=0.053, respectively; Fig. 4B ).
Canine lymphomas differentiated by human ABC/GCB distinguishing genes can be better separated with a canine-specific set of genes.
Hypothesizing that cBCL subtypes might be better distinguished by a canine-specific gene signature, we attempted to use the two groups of canine lymphomas defined by the human ABC/GCB signature genes (Fig. 4) to develop a more robust canine gene signature. Two-class unpaired SAM analysis was used to find genes that were differentially expressed between the "human ABC-like" and "human GCB-like" groups, and 1180 probe sets were discovered using a cutoff false-discovery rate (FDR) of 5%.
We used these to perform hierarchical clustering of cBCL, which resulted in the separation into two distinct groups (Fig. 5A ). There was a statistically significant progression-free survival difference between the groups, and a trend towards an overall survival difference (Fig. 5B) . It should be noted that overall survival in pet dogs is not as robust an endpoint as it is in humans, because owners choose when to euthanize their pets, and factors other than extent of disease therefore affect this endpoint. 
ͳͷ
ABC/GCB genes are not conserved between dogs and humans, but pathways and biological processes that distinguish germinal and post-germinal center groups are shared across species
We analyzed the 1180 genes (Supplemental Table 1 ) that were statistically differentially expressed between cBCL groups when separated using two-class unpaired SAM analysis. While individual genes were not uniformly conserved across species, pathways and processes were strikingly conserved. Ingenuity Pathway Analysis (Ingenuity® Systems, www.ingenuity.com) was used to determine the top biologic processes and pathways enriched for members of the canine ABC/GCB gene list.
Similar to the case in hDLBCL, B-cell activation, B-cell receptor signaling, and the NF-κB pathway were among the most statistically significantly associated processes. Two genes, IRAK1BP1 and STAT4, which were more highly expressed in group 1, the "GCB-like" group, were confirmed with qPCR in ten cDLBCL samples (five ABC-like, five GCB-like). Similar to the expression array data, the GCB-like group had higher expression of both genes, with an average 10.46-fold higher expression of IRAK1BP1 and 7.44-fold higher expression of STAT4. To further confirm biologic differences, we also performed immunoblotting for p65 (RelA). This protein has previously been shown to be active in a majority of cDLBCLs, with activation of downstream targets in approximately half of cDLBCLs (37) . In our samples, we observed higher total cellular expression of p65, concordant with the mRNA expression data. Phospho-p65 was also present in the majority of samples (Supplemental Fig. 3) . One of the top two canonical pathways found in our pathway analysis was the B-cell receptor signaling pathway, with a p-value of 2.79 x 10 -6 (Fig. 5A ). To ensure that inclusion of MZLs was not obscuring ͳ our ability to define subgroups, we repeated the entire gene expression analysis using only known DLBCLs (n=32), and found no substantial differences, other than loss of statistical significance in the survival analyses, presumably due to smaller sample size (data not shown). Collectively, these data indicate that B-cell survival pathways are conserved as differentiators of cBCL subtypes, albeit in some cases with different pathway members differentially expressed than those in humans.
Canine lymphomas have all undergone somatic hypermutation, and a subgroup exhibits ongoing somatic hypermutation
To further explore a potential ABC/GCB distinction in cBCL, we attempted to assess other phenotypes associated with ABC/GCB subgroups. We obtained the IGHV sequence from 53 of the 58 dogs and compared each with published parental germline sequences (38) . There was an obvious difference in the degree of ongoing SHM in the canine samples (Supplemental Table 3 ). We divided the dogs into two groups based on this phenotype; there were no genes significantly differentially expressed between the two groups when analyzed by SAM analysis. However, there was a significant difference in the progression-free survival (p=0.018) between dogs with ongoing vs.
static IGHV hypermutation (Fig. 6A) . The same trend was true when the 32 DLBCLs were analyzed separately, although the p-value was no longer signficant with the smaller sample size (p=0.10 for PFS). Notably, MZLs were also found in both ongoing and static IGHV groups, but the sample size was too small for survival analysis (n=5). ͳ It has been reported in a small number of hDLBCL patients that ABC/GCB phenotype is well correlated with IGHV status (ongoing vs. static) (7) . However, the two phenotypes were not well correlated in cBCL patients, as shown in Fig. 6B . Based on hDLBCL, static IGHV mutation status should be correlated with the group of dogs that is more similar to ABC hDLBCL. However, the X 2 test showed no statistically significant difference, though it was trending in that direction (p=0.097). In addition, a multivariate analysis using both IGHV status and GEP failed to show that either was independently predictive of survival.
We Our canine B-cell lymphomas were separable into two major histologic subtypes by LN morphology, which corroborates previous studies (21) . The majority (32/39, or 82%) were cDLBCL, and 7/39 (18%) were canine marginal zone lymphomas. Our analyses revealed no distinctions that reliably separated these two histologic subtypes, similar to a recently published analysis with a smaller number of cBCLs (10 DLBCL, 5 MZL) (20) .
Gene expression profiles were similar, with no genes differentially expressed between the two groups in our samples (albeit with only seven MZLs). Franz et al also found similar gene expression profiles, but did find genes that were differentially expressed 
ͳͻ between cMZL and cDLBCL. However, it is possible that the smaller number of cBCLs in that study could account for this. In our study, MZLs and DLBCLs also were not distinguishable by IHC, IGHV mutation status, or by ABC/GCB subtyping. Furthermore, we repeated our entire analysis using only DLBCLs (n=32), and found no substantial differences from our findings presented here, other than loss of statistical significance in the survival analyses, presumably due to smaller sample size (data not shown).
Theoretically, canine MZL could begin as an indolent disease that is not detected early in its course and then progresses to a more aggressive form in the later stages when enlarged peripheral lymph nodes become apparent. In any case, it appears that by the time canine MZL is clinically detectable, the disease is as biologically aggressive as DLBCL and molecularly similar to it. Therefore, LN morphology in canine B-cell LSA may not be prognostic or clinically relevant at this time. More canine MZL cases will need to be studied before making any final conclusions.
Similar to hDLBCL, we found heterogeneity in gene expression using microarray analysis. Genes that distinguish ABC and GCB subtypes in hDLBCL separate cBCL into two groups. Using this distinction to select a canine-specific set of differentially expressed genes yields two distinct groups with statistically different survival times.
Furthermore, these canine-specific "ABC/GCB" discriminating genes, while different from the human ABC/GCB gene list, are involved in the same pathways and processes ʹͲ DLBCL in both our results and in other reports (37) . Our protein studies of NF-κB support differential expression of pathway members found by GEP, although future studies using nuclear extracts/staining will be needed to definitively show activation of the pathway in canine ABC-like DLBCL. These and other studies, including generation of canine lymphoma cell lines and more detailed study of molecular aberrations in these lymphomas, will be necessary to definitively determine whether both ABC and GCB subtypes exist in cBCL.
Like ABC/GCB gene expression pattern, immunoglobulin heavy chain status (ongoing SHM vs. completed SHM) also identified two cBCL groups with statistically different survival times. In hDLBCL, these two phenotypes (ABC/GCB gene expression pattern and completed/ongoing SHM) are reported to be overlapping in most cases.
However, this observation is based on a limited number of samples (n=14) and may not be as perfectly correlated as previously reported (7) . If that is the case, ongoing SHM may be a better predictor of survival in hDLBCL, as it is in cBCL. Further study of SHM in hDLBCL is therefore warranted.
Several limitations of our study should be highlighted. The enrolled dogs were not part of a clinical trial, so while they were generally treated with a standard front-line ʹͳ adequately power studies of whether stromal expression signatures are relevant in cBCL. Finally, since many different breeds were included, our study does not address the existence of breed-specific lymphoma subtypes, which could be of interest. Our data create a reference group against which future breed-specific cohorts can be compared.
In conclusion, our work represents a first combination approach using detailed immunohistochemical and molecular characterization of cBCL, thus providing a pathway for this widely available resource to be further developed as a large-animal model for the study of hDLBCL. Our data are consistent with a germinal center and post-germinal center phenotype in cBCL, although how closely these mimic human GCB and ABC subtypes clinically remains to be determined. As molecular similarities are better defined, pet dogs will be useful in clinical trials with new agents that target particular molecular subtypes of lymphoma with aberrations that are shared between canines and humans. Given the lack of shared specific genes that are aberrantly expressed, comparative translational oncology will likely focus more on conserved pathways that are deranged rather than specific gene products. Targeting these shared pathways in canine lymphoma patients will allow the rapid development of new therapies by gathering PK/PD and efficacy data from the same model organism. This study provides an important step toward the development of a more faithful and representative animal model for the development of hDLBCL therapeutics. 
ʹʹ
Disclosure of Conflicts of Interest
The authors declare no conflicts of interest for this study. . cBCL and hDLCBL co-cluster using human ABC/GCB classifier genes. Expression data from 203 hDLBCLs was combined with 58 cBCL expression profiles. Distance Weighted Discrimination (DWD) was used to remove systematic biases between the two groups, and unsupervised hierarchical clustering was performed using the listed genes. Red branches are cBCL samples and black branches are hDLBCL samples. Figure 4 . Clustering of cBCLs using human ABC/GCB classifier genes. (A) Hierarchical clustering of gene expression data reveal two groups of cBCLs that are not robustly separated. Also, genes more highly expressed in ABC lymphomas (teal) do not cluster distinctly from the genes more highly expressed in GCB lymphomas (orange) on the 
ʹ
